phox subunit of NADPH oxidase 2 to mitochondrial oxidative stress in the kidneys of the Dahl salt-sensitive (SS) hypertensive rat. Whole kidney redox states were uniquely assessed using a custom-designed optical fluorescence three-dimensional cryoimager to acquire multichannel signals of the intrinsic fluorophores NADH and FAD. SS rats were compared with SS rats in which the cytosolic subunit p67
optical fluorescence cryoimaging; hicotinamide adenine dinucleotide; flavin adenine dinucleotide; NADPH oxidase; p67 phox ; mitochondrial redox state; oxidative stress; hypertension; Dahl salt-sensitive rat; three-dimensional ESSENTIAL HYPERTENSION affects 972 million (26.4%) of the world adult population and 67 million (31%) of United States population over the age of 18 yr (10, 24) . Nearly half of adults with hypertension in the United States exhibit enhanced blood pressure sensitivity to dietary salt intake, reaching as high as 75% in African-Americans (2, 47, 52) . The Dahl salt-sensitive (SS) rat mimics many of the traits found in African-American hypertensive patients (6, 17, 26) and has been studied extensively as an animal model of a complex multifactorial genetic disease (13, 14, 21, 34, 46) . A number of mechanisms have been recognized to contribute physiologically to the development of hypertension in SS rats, with the most prominent of these being the reduced ability of the kidneys to excrete Na ϩ as characterized by a reduction in the pressure-natriuresis relationship (38, 40) . It is recognized that an imbalance in the redox state of the kidney contributes importantly to the pressure-natriuresis relationship and renal dysfunction in the SS rat, which exhibit elevated levels of ROS in the kidney (7, 32, 48 -50) .
The sources and localization of ROS production within the kidney have been of great interest given the need to develop therapeutic strategies that can reduce ROS in the kidney, where excess levels are associated with aging, diabetes, and hypertension. Elevated ROS production within the renal outer medulla of SS rats has been largely attributed to NADPH oxidase (Nox) (49) . Analyses of tissue homogenates have found medullary superoxide (O 2 ·Ϫ ) production is greater in SS rats and accounted for by greater Nox activity compared with a saltinsensitive control strain (49) . ROS production was further reduced by more than half in both rat strains when pretreated with the mitochondrial uncoupler dinitrophenol, indicating the importance of the mitochondria in basal ROS production in the outer medullary region of the kidney (49) . Inhibition of xanthine oxidase, nitric oxide synthase, and cycloxygenase had no effect on ROS production, and levels of L-arginine, nitric oxide synthase, superoxide dismutase, catalase, and glutathione peroxidase activities did not differ between the SS strain and a salt-resistant control strain (49) .
These and other studies have indicated that Noxs are major sources of O 2 ·Ϫ and H 2 O 2 in the kidney and that mitochondria are importantly involved in this process (3, 23, 39, 43) . There is also evidence of mitochondrial cross-talk with membrane Noxs in ROS production (35) , although the details of these mechanisms are not well understood (27, 28, 33, 37) . Of the seven identified Nox isoforms, Nox2 and Nox4 appear to be the two most robustly expressed in the kidney (22) . Unlike Nox4, the activity of Nox2 is critically dependent on the activation and docking of the cytosolic subunit p67 phox protein (29) . Therefore, in the present study, the contribution of Nox2 to the redox states of the kidney of SS rats was assessed and correlated with oxidative stress. This assessment was done by determining the effects of high-and low-salt diets in SS rats in which the p67 phox subunit was rendered nonfunctional using zinc finger nuclease (ZFN) genetic engineering technologies (12, 15, 16) .
The redox states of the whole kidney were uniquely assessed using a novel, custom-designed optical fluorescence three-dimensional (3-D) cryoimager to acquire fluorescence signals of the intrinsic fluorophores NADH and FAD. This technique provided a number of advantages over previous methods, such as microdialysis of interstitial fluids and measurement of tissue enzyme activities in homogenized tissue (48 -50) . First, it enabled a 3-D visualization, quantification, and correlation of the contribution of the mitochondrial redox states toward the production of ROS in the kidney. Second, it circumvented the various potential distortions associated with measurements made in homogenized tissues. Third, since the technique is based on the detection of the well-recognized autofluorescence signals of NADH and FAD (the oxidized form of FADH 2 ), it did not require the utilization of exogenous labels (4) . Using the cryoimager, the tissue redox ratio (NADH/FAD) was imaged in 3-D, which enabled us to assess and correlate mitochondrial electron transport chain (ETC) metabolic activity and oxidative stress in the kidneys obtained from SS rats and SS rats with a null mutation of the Nox2 subunit p67 phox (SS p67phox -null rats) fed either 0.4% or 4.0% NaCl diets for 21 days. The results showed that SS p67phox -null rats exhibited a significantly greater redox ratio than SS rats, indicating an enhancement of mitochondrial ETC metabolic activity and a reduction of oxidative stress in this region of the kidney of SS p67phox -null rats.
MATERIALS AND METHODS
Experimental animals. Experimental procedures were approved by the Institutional Animal Care and Use Committee of the Medical College of Wisconsin. Male Dahl SS rats (SS/JrHsdMcwi) and SS p67phox -null rats were obtained as weanlings from colonies maintained at the Medical College of Wisconsin. SS p67phox -null rats were produced using ZFN techniques (15, 16) . Sequencing of p67 phox cDNA of this novel rat strain verified a 5-bp deletion (GAGAA), and functional studies demonstrated a complete loss of functional respiratory burst activity in macrophages obtained from these rats as well as protection from the severe hypertension observed in the SS rat when fed a high-salt diet (11, 12) .
Protocol. Rats were fed a custom AIN-76 diet (Dyets, Bethlehem, PA) containing 0.4% NaCl since weaning. At 6 wk of age, a subgroup of these rats was switched to a diet with 10-fold higher salt content (4.0% NaCl diet) for 21 days before the kidneys were collected. On the day of tissue harvest, rats were deeply anesthetized with pentobarbital sodium (60 mg/kg), and a catheter placed in the aorta for a rapid infusion of 20 ml of cold isotonic saline to flush the kidneys of blood. The left kidney was then quickly removed, hemisected, and dropped into a container of isopentane cooled by liquid nitrogen. After 2 min in the cooled isopentane, the kidney was moved to liquid nitrogen and then stored at Ϫ80°C until cryoimaging was performed.
Optical fluorescence 3-D cryoimaging. The cryoimager is a custom-designed and custom-fabricated optical fluorescence imaging system ( Fig. 1 ) from the Biophotonics laboratory at the University of Wisconsin (Milwaukee, WI) and has been previously described (42, 45) . A mercury arc lamp (200 W, Oriel) is used as a light source, and desired wavelengths are selected by filtering the broad band light to excite the selected fluorophores from the exposed surface of the frozen tissue block. The emission light is also filtered to eliminate reflected and unwanted lights. The excitation filter for NADH is centered at 350 nm (80-nm bandwidth, UV Pass Blacklite, HD Dichroic, Los Angeles, CA), and the corresponding FAD filter is centered at 437 nm (20-nm bandwidth, 440QV21, Omega Optical, Brattleboro, VT). Moreover, the emission filter for NADH is centered at 460 nm (50-nm bandwidth, D460/50M, Chroma, Bellows Falls, VT), and the emission filter for FAD is centered at 537 nm (50-nm bandwidth, QMAX EM 510-560, Omega Optical). Filters for excitation and emission wavelengths are controlled using two motorized filter wheels (Oriental Motor Vexta Step Motor PK268-01B), and images are captured using a charge-coupled device camera (QImaging, Rolera EM-C 2 , 14 bit) with 1,004 ϫ 1,002 pixel arrays. Separate images for NADH and FAD autofluorescence are obtained from each tissue slice, and from these images, 3-D images of the kidney are compiled. A motorized microtome blade (Delaware Diamond Knives, profile D, WC125cryo) sequentially slices the tissue; for the present study, 30-m slices were made in the z-direction, which resulted in 400 z-slices/kidney. During the slicing, tissue is maintained in the frozen state at Ϫ40°C.
Image processing. NADH and FAD autofluorescence images from each group of kidneys were analyzed using MATLAB (The Mathworks). 3-D representations of the kidneys were rendered using z-stacks of all image slices for both NADH and FAD signals. The intensity at each pixel in the NADH and FAD images is an indicator of the concentration of the fluorophore at that pixel. The 3-D volumeaveraged NADH-to-FAD redox ratio of each kidney was calculated voxel by voxel according to the following equation:
tissue redox ratio ϭ NADH intensity ⁄ FAD intensity
The corresponding histograms for each group of kidneys, which represent the distributions of redox ratio intensities in 3-D volumes, were plotted. The histogram is a scaled probability density function of the redox ratio in a kidney for quantitative analogy between the groups. Arithmetic mean values of the histograms were calculated according to the following equation (42):
Kidney Volume ͑i, j, k͒ (2) where N x, Ny, and Nz are the numbers of pixels in the x-, y-, and z-directions; the pixel size in x-and y-directions was 10 m, but the pixel size in the z-direction was 30 m. Statistical evaluation of data. Values are reported as means Ϯ SE; n is the number of rats used. Two-way ANOVA followed by a Holm-Sidak post hoc test for multiple comparisons was used, and significance was determined at the P Ͻ 0.05 level for strain and dietary salt.
RESULTS
Representative examples of 3-D images of the NADH and FAD fluorescence signals and their redox ratios (NADH/FAD) obtained from a representative SS rat and SS p67phox -null rat on the 0.4% NaCl diet and a rat of each strain on the 4.0% NaCl diet are shown in Fig. 2 . As shown in Fig. 2 , higher NADH and lower FAD fluorescence signals were observed within the renal medulla region of SS p67phox -null rats compared with SS rats fed a 0.4% NaCl diet. When fed a 4.0% NaCl diet for 21 days, both strains of rats exhibited relatively lower levels of redox ratios throughout the kidney and especially in the mitochondria-rich renal medulla, as apparent by the pseudored color intensity. Notably, the SS p67phox -null rat remained relatively well protected from the high salt-induced oxidative stress, as reflected by the high redox ratio values compared with the SS rat. As NADH and FAD signals originate exclusively from the mitochondria (4), these results indicate greater mitochondrial ETC metabolic activity and decreased oxidative stress in the mitochondria-rich renal medulla of SS p67phox -null mutant rats. Figure 3 shows the corresponding histogram plots of redox ratios of the same four kidneys shown in Fig. 2 to display the 3-D intensity distribution throughout the kidney tissue. The computed mean values of the histograms (see MATERIALS AND METHODS) clearly showed that the redox ratio was reduced in both SS p67phox -null and SS rats in response to a high-salt diet. However, SS p67phox -null rat kidneys exhibited lower overall levels of state of oxidative stress (higher redox ratio) throughout all regions. Figure 4 shows the images of redox ratios of the individual kidneys for the two diet treatment groups used in the analysis shown in Fig. 5 . The consistency in the redox ratio between different rats (biological replicates) in a particular group signified our research findings correlating reduced redox ratio to oxidative stress in the kidneys of SS rats. Figure 5 shows group data for the redox ratio for the two rat strains on the two salt diets. Kidneys from SS rats fed a 4.0% NaCl diet (n ϭ 9, 1.03 Ϯ 0.05) had a significantly lower tissue redox ratio compared with kidneys from SS rats maintained on a 0.4% NaCl diet (n ϭ 5, 1.42 Ϯ 0.06), a consequence of a substantial reduction of NADH relative to FAD fluorescence. A similar significant reduction of the mean redox ratio of kidneys from SS p67phox -null rats fed a 4.0% NaCl diet (n ϭ 7, 1.46 Ϯ 0.04) was measured compared with kidneys from 0.4% NaCl diet-fed rats of the same strain (n ϭ 5, 1.64 Ϯ 0.07). Importantly, the tissue redox ratio was significantly less in SS rats compared with SS p67phox -null rats at both salt levels. Based on two-way ANOVA, there was a statistically significant difference due to strain (P Ͻ 0.001) and diet (P Ͻ 0.001) but not a significant interaction of the two (P ϭ 0.0748).
DISCUSSION
A recent study (12) conducted by our group has shown ZFN knockdown of the Nox2 cytosolic subunit p67 phox in SS rats (SS p67phox -null rats) resulted in a 40% reduction of salt-induced hypertension and a substantial reduction of renal injury. These experiments were the first to demonstrate a relevant role of p67 phox in chronic blood pressure regulation and salt sensitivity. The present study applied a novel fluorescence cryoimaging technique to determine whether these protective effects of the null mutation of p67 phox were associated with alterations of regional metabolism and oxidative stress within the kidney. The higher NADH signal and lower FAD signal observed in the mitochondria-rich renal medulla of SS p67phox -null rats indicate that in the mitochondria, there was more NAD present in its reduced form (NADH) and less FADH 2 present in its oxidized form (FAD) compared with SS rats. This would result in enhanced pairing of electrons with hydrogen and less leakage of electrons in the mitochondrial ETC to available oxygen and less production of ROS in the kidneys of SS p67phox -null rats.
Although it is known that the cytosolic protein p67 phox is required to activate membrane Nox2 (29) , the present study is the first to globally assess the contribution of this essential Nox subunit to renal oxidative stress in the SS rat. The results show that the kidney of SS rats was particularly vulnerable to oxidative stress and that a reduction of Nox2 in SS p67phox -null rats resulted in a significant reduction of oxidative stress in this region. The renal medullary region of the kidney is rich in mitochondria contained in the medullary thick ascending limbs of Henle, which require high levels of ATP to handle the reabsorption of nearly 25% of all NaCl filtered by the glomeruli (31, 36) . The 3-D fluorescence images showed that a significant difference existed in the redox ratio between SS and SS p67phox -null rats even when fed a low-salt diet, which was significantly changed in both strains as a consequence of high-salt (4% NaCl) feeding.
Ultrastructural abnormalities of mitochondria within the medullary thick ascending limbs of Henle have been found in SS rats, as represented by a lower proportion of long mitochondria in SS rats (19) , and SS rats exhibit lower levels of O 2 consumption compared with salt-insensitive consomic SS.13 BN rats (53) . This, in turn, was associated with a significant attenuation of renal injury in SS p67phox -null rats (12) . We now show that these abnormalities are associated with an increased redox ratio in the kidneys of SS p67phox -null rats. This is consistent with an earlier report (12) from our group showing that H 2 O 2 and O 2 ·Ϫ production were significantly reduced in the renal medulla of SS p67phox -null rats compared with their wild-type SS littermates, as determined in renal medullary tissue homogenates and microdialysis experiments. Other studies have shown that increased levels of ROS within the renal medulla alone result in a reduction of medullary blood flow, Na ϩ retention, and hypertension (30, 48, 49, 54) . Recently, we found that SS p67phox -null rats are protected from reduced medullary blood flow compared with their wild-type SS littermates (11) . Therefore, mitochondrial metabolic dysfunction associated with the The redox ratio of the SS strain on a 0.4% NaCl diet was significantly lower than that of the SS p67phox -null rat on the same diet (P ϭ 0.023). The redox ratio was significantly reduced in both strains after 21 days of 4.0% NaCl diet. *Significant difference in redox ratios within strain between 0.4% and 4.0% NaCl diets (P Ͻ 0.05); †significant difference of redox ratios between strains on the same salt diet (P Ͻ 0.05). excess production of ROS was captured with the present 3-D imaging experiments of NADH and FAD.
Biological meaning of the tissue redox ratio (NADH/FAD).
Although we have presented technical details of fluorescent cryoimaging in bioengineering journals (18, 42, 45) , it is useful to emphasize several elements of this technique that are important to understand. It was first demonstrated by Chance and colleagues (4, 5) that the autofluorescence signals from tissues originate almost exclusively from NADH and FAD in the mitochondria. The contribution of NADH present in the cytosol is small, since as soon as NADH is produced by glycolysis in the cytosol, the electron from NADH is transported to the mitochondria through the malate-aspartate shuttle and is oxidized to NAD (20) . The NADH autofluoresence signals detected in our experiments therefore represent mitochondrial signals. FAD is produced and strictly localized within the mitochondria (20, 41) , so the signal detected is also derived only from the mitochondria (1, 25) .
Changes in the tissue redox ratio therefore provide a quantitative marker of the bioenergetic status of the mitochondria (42) . Neither NAD nor FADH 2 are autofluorescent, and, in the presence of oxidative stress, NADH and FADH 2 accumulate in their oxidized forms, NAD and FAD. The autofluoresence signal of NADH fluorescence is therefore reduced and that of FAD is elevated, resulting in a reduction of the redox ratio. Of importance, rapid freezing and imaging at low temperatures (Ϫ40°C) are important parts of this methodology for several reasons. First, the metabolic state of the mitochondria is preserved at a particular instance in time. Second, the low temperature elevates the quantum yield of NADH and FAD fluorophores compared with imaging techniques used at room temperature. The higher quantum yield results in a stronger signal and a more accurate measurement. Finally, by evaluating the ratio of these two fluorophores, some of the confounding factors in determining the oxidative state are eliminated, such as blood, mitochondrial protein concentration, and the number of mitochondria or mitochondrial density (5) .
Summary. The results from the present study show that the kidneys of the SS rat exhibit a significantly lower redox ratio than those of the SS p67 phox-null rat. These observations indicate reduced levels of ETC metabolic activity and enhanced oxidative stress in this model of SS hypertension, particularly in the renal medulla. We conclude that the p67 phox subunit of Nox2 plays an important role in the excess production of ROS from mitochondria in the kidneys of the SS rat, which contributes to salt-sensitive hypertension.
